Conventional pollution monitoring strategies for heavy metals are often costly and unpractical. Innovative sampling and analytical approaches are therefore needed to efficiently monitor large areas. This study presents a novel, simple, fast, and inexpensive method to monitor heavy metal pollution that uses cation-exchange resin sachets and the micro-XRF core-scanning technique (XRF-CS). The resin passive samplers act as concentrators of cationic species and can be readily deployed spatially and temporally to record pollution signals. the large number of analytical tasks are then overcome by the fast and non-destructive XRF-CS to precisely assess elemental concentrations. Quantifying element loading involves direct comparison with a set of identically prepared and scanned resin reference standards containing Ca, Ti, Cr, Mn, Ni, Cu, Zn, Pb. The results show that within the test range (from 0-1000 s mg kg −1 ), the calibration lines have excellent regressions (R 2 ≥ 0.97), even at the shortest exposure time (1 s). A pilot field survey of a suspected polluted area in central Taiwan, where 30 resin sachets had been deployed, identified a pollution hot spot in a rapid and economical manner. Therefore, this approach has the potential to become a valuable tool in environmental monitoring and forensics.
Environmental pollution arising from industrial activities is a worldwide concern that threatens public health and socio-economic sustainability [1] [2] [3] . One of the most important issues is the pollution caused by industrial use of heavy metals. When released into the environment, these toxic and persistent metals are hazardous to aquatic ecosystems and will ultimately threaten public health due to accumulation in the food chain 4, 5 . However, the conventional strategy for water pollution monitoring is based on the collection of discrete water samples at prescribed times with subsequent instrumental analyses 4 . Such strategies are costly and often unpractical since illicit wastewater discharges are clandestine and irregular 6 . Pollutant concentrations can also have variable spatial distributions due to sporadic discharges into complex local drainage systems making sampling difficult 7, 8 . Developing a time and cost-efficient way of monitoring heavy metals over large areas is therefore challenging and requires innovative sampling and analytical approaches.
Passive and integrating sampling methods that can capture anomalous metal concentrations are suitable for initial monitoring in water bodies with fluctuating pollutant levels [9] [10] [11] [12] . Such methods also have the potential to identify discharge points for further and more detailed investigation. As one of the receiving-phase materials, ion-exchange resin has been developed as an economically feasible method for extracting heavy metals in wastewaters over the past decades, even at low concentration effluents [13] [14] [15] . The rapid sorption characteristics of ion-exchange resins 16 and their low cost make resin samplers an effective way to provide an integrated record of pollution over the sampler deploying time. Measurement of the metal concentrations in the resin samplers does commonly involve elution of the absorbed metals followed by analysis such as AAS or ICP-MS. However, chemical extraction and analysis procedures of resin can be slow, costly, and time-consuming. We therefore introduce the fast, non-destructive, and multi-element micro X-ray fluorescence core-scanning technique (XRF-CS) to overcome these restrictions.
Micro XRF-core scanners have revolutionized the analysis of sediment cores over the last decade 17 . This fast and high-resolution technique is used to rapidly assess elemental variations for a wide array of research topics, including environmental forensics and anthropogenic influences [18] [19] [20] . However, the XRF-CS results, usually represented as elemental counts, are often considered as semi-quantitative measurements due to possible X-ray absorption or scattering caused by down core variabilities of the scanned materials 21, 22 . Although many studies have attempted to calibrate scanning counts into concentrations by different methods 22, 23 , case-by-case calibrations are generally needed due to the heterogeneity in each sampling location, resulting in variations in the sample matrix. The environmental applications of XRF-CS thus are limited, especially for pollution studies which generally require quantitative concentrations.
By using ion-exchange resin as a pollutant trap in combination with XRF-CS, the dry and homogenous resin samples, having the same composition, will minimize the matrix effects which normally impact on XRF-CS analyses. Therefore, this study has developed a cost-effective, readily-deployable ion-exchange resin sachet as the integrating passive sampler. Multiple samplers can be easily installed and left for suitable times depending on the motivation of the monitoring program. The sensitive and non-destructive XRF-CS can therefore fulfill the demand to quantitatively assess heavy metal concentrations of the resin samples in a fast and economical manner, which allows for archiving samples of potential legal significance ( Fig. S1 ).
To test the potential of this approach, resin reference standards were prepared under ideal laboratory conditions to systematically investigate the performance of XRF-CS. The regression lines and correlation coefficients of elements that are generally of interest in pollution studies (Cr, Mn, Ni, Cu, Zn, Pb), as well as elements common in natural waters (Ca, Ti), were examined and tested using different XRF exposure times. In addition, to test the feasibility of this approach in a real aqueous environment with complex constituents, a pilot field monitoring was performed in a suspected polluted area in central Taiwan. The result, combined with a geographic information system (GIS) tool, helped to identify the hot zone of heavy metal pollution over a large area in a fast and economical manner, contributing to the developments of environmental monitoring and forensics.
Materials and Methods
preparation of resin reference standards. The cation-exchange resin Amberlite TM IR-120 (Rohm and Hass, USA) was used as the solid sorbent in this study. The physical and adsorptive properties of the resin have been reported by previous works 14, 16 . 20 g of the resin, in Na + form, was filled into a polyethylene (PE) net bag and sealed to produce the resin sachet ( Fig. S2a ). Four standard solutions were prepared by diluting commercial stock solutions (1000 mg/L, Sigma-Aldrich ® ) of Cr, Mn, Ni, Cu, Zn, Pb, Ca, Ti (Ca and Ti were added to simulate the common elements in natural water) with deionized water according to the EPA effluent standards of Taiwan (Table S1) . To further simulate different flow rates in the natural environment, the four standard solutions were combined with four stirring speeds (50, 100, 150, 200 rpm, performed by Jar-Tester) and separated into 16 batch sets of 1 L volume, respectively. The resin sachets were put in each set for 2 hours at 293 K to produce the resin reference standards for further Itrax XRF-CS measurements. 5 ml of each remaining solutions were then analyzed by ICP-OES (Thermo Scientific iCAP7000) for metal concentrations. The concentrations of the resin reference standards were then determined by mass balance from initial and final concentrations of the standard solutions, according to the following equation:
Where C m represents the concentration of the resin reference standards (mg kg −1 ); C 0 and C t are the initial and final concentrations of metal in the standard solutions (mg L −1 ), respectively. L and w are the volume (L) of the standard solutions and the weight of resin (g).
Itrax XRF-CS of resin reference standards. The 16 lab-prepared resin reference samples plus one blank resin sample (in total 17 resin reference standards) were rinsed with deionized water, dried at room temperature, placed in 2 × 2 × 2 cm custom-made plastic sample cups (similar to the sample cups described in a previous study 24 ), and finally covered by a 1.4 μm PE X-ray Film (Cox Analytical Systems, Gothenburg) to avoid potential contamination and static interference. Seventeen resin reference standards were analyzed using the Itrax micro-XRF core scanner (Mo X-ray tube with 30 kV, 22 mA, 1 mm scanning resolution, and 100 s exposure time) at the Department of Geosciences, National Taiwan University (NTU) and compared with their absolute concentrations (obtained by Equation 1 ). In addition, five resin reference standards from low to high concentrations have been further scanned at different exposure times (30 kV, 31 mA, 1 mm scanning resolution with 1, 5, 15, 30, 100 s exposure time, respectively) to address the influence of exposure time on the accuracy of the measurements. All resulting XRF spectra were evaluated by the Q-Spec software (version 8.6.0., COX Analytical System, Gothenburg) to convert the elemental peak areas into counts. Each resin reference standard was measured at 20 points as the scan tracked across the 2 cm wide sample cup at 1 mm scanning resolution. Only 10 of these 20 continuous measurements in the central part were selected to exclude edge effects caused by the sample cups. The averages and standard deviations of the XRF-CS counts were subsequently calculated and compared with measurements made on the standards (Equation 1). Therefore, the linear regression lines and correlation coefficients (R 2 ) of Cr, Mn, Ni, Cu, Zn, Pb, Ca and Ti can be determined, respectively.
www.nature.com/scientificreports www.nature.com/scientificreports/ Pilot field survey. In Taiwan, as a result of rapid industrial expansion in the past seven decades, illegal discharges of industrial wastewaters have caused widespread and severe heavy metal pollution to aquatic and terrestrial systems 25, 26 . Today, about 20% of the arable land in Taiwan (1.7*10 5 ha) is considered to be affected by heavy metal pollution. Approximate 400 ha of farmland is categorized as restricted by the Taiwan Environmental Protection Administration (EPA) according to the current soil quality standards 27 . In this study, a pilot field survey was conducted in the north of Changhua County, central Taiwan. Due to poor land-use planning, many factories, including electroplating, metalwork, and metal surface treatment industries, are located in the agricultural area and have been suspected of discharging wastewater into irrigation channels 7, 25 . With the high density of irrigation channels (~1.06 km/ha) 25 and fluctuating pollutant concentrations, it is difficult to trace the pollution source and behavior by conventional monitoring strategies. The area therefore provides a suitable field site for testing our novel approach.
The field monitoring device consists of a resin sachet protected by a commercial plastic sink filter with a 10-meter long fishing line (Fig. S2b) . At the cost of less than 1 US$ each, 30 devices were deployed into the selected irrigation channels for 7 days in a 12 km 2 monitoring area. When retrieved, the resin samples were washed, dried, and analyzed by the Itrax XRF-CS applying the aforementioned procedure with a Mo-tube in the setting of 30 kV, 22 mA, 1 mm scanning resolution and 100 s exposure time. The resulting XRF-CS counts of Cr, Mn, Ni, Cu, Zn, and Pb of each monitoring location were plotted by Arc GIS 10.2 to show the spatial distribution of each pollutant, respectively.
Results and Discussion

XRF-CS results of resin reference standards. Due to different combinations of standard solutions and
stirring speeds, the 17 resin reference standards cover the concentration range from few ppm to thousands of ppm for each tested metal (Fig. 1, X-axis) . All the tested elements, including the pollution-related Cr, Mn, Ni, Cu, Zn, Pb and the nature-related Ca, Ti, show excellent linear correlations (R 2 ≥ 0.97) between XRF-CS counts and absolute concentrations calculated by Equation 1 (Fig. 1 for Cr, Mn, Ni, Cu, Zn, Pb and Fig. S3 for Ca, Ti). Such a finding also demonstrates that, compared to the sediment which is the originally designed matrix for the micro-XRF core scanner, dry and homogenous resins run well and enable easy application of the XRF-CS technique. exposure time experiment. Exposure times of 100 s per measuring point is a common setting for the Itrax XRF-CS when analyzing discrete samples 28 . With this setting, each resin sample needs around 30 minutes to finish the measurement (i.e. 20 points measured across a 20 mm of sample cup at 1 mm scanning resolution). Although this is already rather short and convenient compared to conventional chemical extraction and analysis procedures, the measurement time may be unnecessarily long for the environmental monitoring purpose. It was shown by Huang et al. 29 that long exposure times have only minor effects on the accuracy of XRF-CS measurements. Our exposure time experiments, with five resin reference standards from low to high concentrations and five exposure times from 1 s to 100 s, also show excellent correlation coefficients (R 2 ≥ 0.97) between scanning counts and absolute concentrations ( Fig. 2 for Cr, Mn, Ni, Cu, Zn, Pb and Fig. S4 for Ca, Ti). Therefore, since all the pollution-related elements have high detectability with the XRF-CS technique and are expected to have high concentrations in the wastewater, 100 s exposure time is not necessary and can be further shortened, as suggested by the previous study 29 . Moreover, since standard deviations of all tested elements with different exposure times are rather small (Figs 1, 2, S3 and S4) , the homogenous resin samples can be scanned in a lower scanning resolution with automatic spectrum picking software to further lower the measurement time, similar to the procedure proposed by Ohlendorf 30 . Thus, each resin sample can be measured in approximately pilot field survey. To demonstrate the advantages and feasibility of XRF-CS approach with the resin sachets, 30 field monitoring devices were deployed for 7 days, recovered, and measured. The XRF-CS counts www.nature.com/scientificreports www.nature.com/scientificreports/ of pollution-related Cr, Mn, Ni, Cu, Zn, and Pb have been plotted over the local drainage area. A pollution hot spot, with very high counts for all pollution-related elements, was identified in the northwestern corner of the monitored area (Fig. 3 ). This finding may be linked to the illegal wastewater discharge by local metal and electroplating industries since this area is known as "the hometown of the faucet" and famous for producing hardware products. Such suspected pollution activity must have occurred during the deployment period. There was no report from conventional monitoring stations operated by the local environmental authority, probably due to the complex local drainage system and fluctuating pollutant concentrations. Therefore, by using ion-exchange resin as the passive sampling sorbent in combination with XRF-CS technique, a fast (minutes to seconds), low cost, multi-element (Si to U can be detected by the Itrax XRF-CS technique depending on the choice of the resin), and practical monitoring approach for heavy metal pollution can be used as an environmental monitoring tool for large geographic areas.
Future outlooks of the resin sachets and XRF-CS approach. The described sampling and analytical method is an effective tool that can be adopted by regulatory organizations (local governments and environmental authorities) to record and study pollution given its effectiveness, rapidity, and relative simplicity. It is also useful for long-term wastewater management and sustainable environment governance. By adding a tamper-proof and automatic sampler with timer and GPS locator, this system could become attractive to regulatory groups and would extend the range of use. Furthermore, by combining this method with multivariate statistics (e.g., Principal component analysis, PCA), the approach could also be used in regional geochemical studies and environmental forensics to trace the source, transportation, and deposition of pollutants based on their unique chemical fingerprints.
